Insulinotropic action of glucose can be categorized as 1) triggering of release, 2) augmentation of exocytosis elicited by Cat +, and 3) time-dependent potentiation (TDP) of the exocytotic machinery.
IN 1992, Sato et al. from our group [1] and Gembal et al. [2] found that glucose stimulates insulin exocytosis independently from its action on ATP-sensitive K+ (K+ATP) channels, and it is now well established that glucose stimulation of insulin release occurs through the K+ATP channel-dependent and -independent signaling pathways in pancreatic j3 cell [1] [2] [3] [4] [5] . Glucose augments insulin release triggered by Ca2+ and causes time-dependent potentiation (TDP) through the K+ATP channel-independent pathway, and the physiological importance of the K+ATP channel-independent glucose actions have increasingly been recognized [5] [6] [7] . While the underlying mechanism of the K+ATP channel-independent glucose action is still not fully understood, identification of glutamate as the major, direct conveyer of this glucose action was recently made in permeabilized INS-1 cells [8] . Nevertheless, several critical issues have been left untested. First, and most importantly, does glutamate per se really augment Ca2+-triggered insulin exocytosis and cause TDP in intact pancreatic islet j3 cells? More exactly, does cytosolic accumulation of glutamate per se render the secretory granule more competent to fuse with the plasma membrane upon elevation of cytosolic free Ca2+ concentration?
Second, is direct glutamate action, if any, quantitatively comparable to glucose action? In other words, is glutamate the major messenger or is it only one of the many players?
We examined these questions in the present study using intact rat pancreatic islets in which the K+ATP channel-independent glucose action has been most clearly demonstrated [1, 3-5]. Dimethylglutamate hydrochloride (DMG) and glutamine were employed as cell permeable glutamate donors as in the previous studies [8] [9] [10] [11] .
Materials and Methods
Pancreatic islets were isolated from adult male Wistar rats by collagenase dispersion as reported [1, 3, 4] with minor modifications. Krebs Ringer bicarbonate (KRB) buffer supplemented with 0.2% bovine serum albumin (BSA) containing (in mmol/1) 129 NaCI, 4.8 KCI, 1.2 MgSO4i 1.2 KH2PO4, 2.5 CaCl2, 5 NaHCO3, and 10 HEPES (pH 7.4) with indicated concentrations of glucose was used for experiments. Concentration of KCl was raised to 50 mmol/l in some experiments as needed. For isolation of the islets, the buffer with 0.1 % BSA and 5.5 mmol/l glucose was used.
Experiments were performed at 37°C as described previously [1, 3, 4]. In brief, 5 size-matched islets/ tube were first incubated for 30 min (preincubation). Then, the buffer was aspirated and fresh buffer was introduced and incubation was carried out for additional 30 min (experimental incubation). In the first set of experiments, the identical KRB buffer (containing 2.8 mmol/l glucose without test substance) was used during preincubation for all conditions, and experimental incubation was performed with various test substances with and without 50 mmol/l K+. When glutamate donors were tested during experimental incubation, they were dissolved in KRB buffer without glucose. In the second set of experiments, preincubation was carried out with and without test substances, and the identical buffer (containing 2.8 mmol/l glucose and 50 mmol/l K+ without any other test substances) was used during experimental incubation for all conditions. When glutamate donors were included during preincubation, they were dissolved in glucose-free KRB buffer. Thus, augmentation of high K+-induced insulin release (Ca2+-triggered insulin release) by nutrients was examined in the first set of experiments, and TDP effect of nutrients was evaluated in the second set of experiments.
Because it usually took approximately 5-8 min for media change (removal of buffer and introduction of new buffer for 80-120 tubes with 2 persons), we placed the rack (with all the tubes) into a cold water bath during this period.
Therefore, a carry over of high rate of nutrient metabolism from priming solution to the period of high K+ stimulation in the second set of experiments can be ruled out. Diazoxide (250 pmol/1), an opener of the K+ATP channel, was included all through the incubations in both sets of experiments to selectively evaluate the K+ATP channel-independent insulinotropic action of the nutrients.
Glucose exhibits both augmentation and TDP in the K+ATP channel-independent manner
Insulin release during experimental incubation was measured by radioimmunoassay using commercially available kits (Eiken, Tokyo, Japan) in which rat insulin was used as a standard [1, 3, 4].
DMG was obtained from Fluka (Buchs, Switzerland).
Glutamine, leucine and diazoxide were obtained from Sigma (St. Louis, MO). Statistical analysis was performed by one way ANOVA with Fisher's protected least significance difference test (StatView®, SAS Institute Inc., Cary, NC). P< 0.05 was considered significant.
Data are expressed as mean ±SE.
Results
As reported previously [1-5], insulin release elicited by a depolarizing concentration (50 mmol/1) of K+, Cat+-triggered exocytosis, was strongly augmented by 16.7 mmol/l glucose even in the presence of 250 pmol/l diazoxide, an opener of the K+ATP channel (5.80 fold increase, 453 pg/islet/30 min without glucose and 2,627 pg/islet/30 min with 16.7 mmol/l glucose) (Fig. 1) . By contrast, cell permeable glutamate donors such as DMG and glutamine (10 mmol/l each) only weakly (1.34 and 1.08 fold increases, respectively) augmented Cat-triggered insulin exocytosis. In fact, augmentation of insulin release by DMG and glutamine was not statistically significant. The effects of DMG and glutamine, if any, were eliminated by inhibition of the mitochondrial metabolism with 2 mmol/l NaN3 (Fig. 1) . In a separate experiment, 2 mmol/l NaN3 did not significantly suppress insulin release evoked by a depolarizing concentration of K+ itself: 50 mmol/l K+-induced insulin release (with 2.8 mmol/l glucose) was 478±34 and 476±42 pg/30 min/islet (n=10 for each) in the presence and absence of 2 mmol/l NaN3, respectively.
Therefore, inhibition of the mitochondrial metabolism by 2 mmol/1 NaN3 specifically abolished augmentation of insulin release, if any, by the glutamate donors.
Ten mmol/l DMG alone (without glucose) did not significantly stimulate insulin exocytosis as reported [8, 9] : insulin release by the islets was 380±43 and 398± 132 pg/30 min/islet (n =10 for each) in the presence and absence of 10 mmol/l DMG. As shown in Fig. 2 , incubation of the islets with 16.7 mmol/l glucose for 30 min in the presence of diazoxide caused TDP. Namely, a 4.70 fold increase of insulin release subsequently elicited by 50 mmol/l KCl alone was produced (441 pg/islet/30 min without glucose and 2,074 pg/islet/30 min with 16.7 mmol/l glucose pretreatment).
TDP by 10 mmol/l DMG under the same condition was only 1.44 fold, and this DMG effect was obliterated by 2 mmol/l NaN3 (Fig. 2) .
Glutamate dehydrogenase (GDH) converts glutamate to 2-ketoglutarate and the latter is subsequently metabolized in the TCA cycle. Extracellular application of as low as 1 mmol/l leucine is known to allosterically activate GDH but not elicit insulin release by itself [9] . By utilizing this action of leucine, we evaluated the effects of enhancement of glutamate metabolism.
If glutamate metabolism, not accumulation of glutamate molecule per se, is a rate-limiting step for glutamate's insulinotropic action, an application of leucine is expected to strengthen the effects of the glutamate donors.
In the presence of 1 mmol /1 leucine, both DMG and glutamine strongly augmented insulin release elicited by 50 mmol/l KCl (Fig. 1) . As expected, augmentation of insulin release by the glutamate donors in the presence of leucine was mostly (in the case of DMG) or completely (in the case of glutamine) eliminated by inhibition of the mitochondrial metabolism with 2 mmol/l NaN3 (Fig. 1) . Similarly, TDP by DMG was dramatically enhanced by 1 mmol/l leucine (Fig. 2) . Here again, DMG effect in the presence of leucine was eliminated by NaN3 (Fig. 2) . A parallel observation that 2 mmol/l NaN3 mostly but not completely eliminated TDP by glucose implies that mitochondrial metabolism is not completely suppressed by NaN3 at a concentration of 2 mmol/1.
Discussion
In the present study, we examined for the first time the role of glutamate per se specifically in the augmentation and TDP in the pancreatic islet j3 cell by using DMG and glutamate as glutamate donors. Actual accumulation of glutamate in the islet j3 cell cell after exposure to DMG or glutamine was independently confirmed by 2 groups [8, 9] . We found that intracellular accumulation of glutamate per se did not augment Cat+-triggered insulin release, nor did it cause TDP in the j3 cell. Data from the experiments with leucine and azide definitively established that the mitochondrial metabolism was required for glutamate to express its insulinotropic actions. Glutamate was recently identified as a novel mediator of insulinotropic action of glucose in permeabilized INS-1 cells [8] . More specifically, glutamate was proposed to be the major, direct conveyer of the K+ATP channel-independent, insulinotropic action of glucose [8] . The legitimacy of this attractive hypothesis, however, was thus seriously questioned in the present study. Our data are in good agreement with the conventional idea that glutamate stimulation of insulin exocytosis is due to mitochondrial metabolism of the molecule after conversion to 2-ketoglutarate by GDH [9] [10] [11] . MacDonald and Fahien [10] reconfirmed that glutamate per se does not trigger insulin release. However, they did not specifically examine the role of glutamate as a direct conveyer of glucose augmentation of Cat+-triggered insulin release. A quantitative comparison of insulinotropic action of glutamate and glucose was not performed by Maechler and Wollheim [8] so that it was unknown how much of the glucose action can be explained by direct glutamate mediation, if any, under their experimental conditions. Quite interestingly, cytosolic glutamate accumulation was in fact associated with robust elevation of cytosolic ATP. In the presence of oligomycin (an inhibitor of mitochondrial ATP synthase), the fractional ATP rise in response to glutamate was significantly suppressed (approximately by 50%) in the face of dramatic lowering of basal ATP (approximately by 50%). The finding is compatible with the idea that glutamate serves as a mitochondrial fuel. Maechler and Wollheim interpreted the data in a different way [8] . In clonal j3 cells such as INS-1 cells, the K+ATP channel-independent glucose action is very weak anyway [12] . Because of permeabilization, some factors normally present in the cytosol escape out of the cell, so that the cellular response to any stimuli can be altered. It is most likely due to these factors that they [8] have reached a different conclusion from us. Even if glutamate per se primes the pump under specific conditions, accumulation of glutamate in the islet 3 cell after exposure to high glucose is disputed [10] .
